A turbidimetric flow-injection system was developed for the determination of sulfate in natural and residual water samples, with no previous treatment, using spectrophotometric detection. The precipitating agent, 7.0% (w/v) barium chloride solution prepared in 0.10% (w/v) polyvinyl alcohol, was added by using the merging-zones approach. A 100 mg/L sulfate solution in 0.07M nitric acid was mixed with the sample before it entered the injection loop to improve the detection limit, provide in-line pH adjustment, and prevent the interference of some anionic species. The relative standard deviations of the results were between 1.4 and 3.0% and were in agreement with results obtained by the reference method. Samples within a linear concentration range of 10-120 mg SO 4 2− /L can be analyzed at a rate of 40/h. The detection limit is 5 mg SO 4 2− /L.
C
oncerns about water quality are growing mainly because of the limited availability of water resources and increasing pollution levels. Consequently, methods are needed for monitoring a larger number of parameters at lower concentration levels. In this regard, process analyzers offer several advantages because they enable both higher sampling rates and in situ measurements (1) .
Sulfate is widely distributed in nature and is one of the components that needs monitoring. Chemical industrial and mine drainage wastes may discharge large amounts of sulfate into watercourses, increasing its natural level to several thousands of milligrams per liter (2) .
Sulfate in waters is usually determined by conventional gravimetric, potentiometric, turbidimetric, and spectrophotometric procedures. In an attempt to improve the overall performance of the analysis, namely, by improving the sampling rate and repeatability, and decreasing reagent consumption, some researchers have developed spectrophotometric and turbidimetric flow-injection procedures for the determination of sulfate in waters. Spectrophotometric methods were based on the removal of barium by sulfate from the complexes formed with different color indicators, with photometric measurement of the free ligand (3, 4) . Other flow-injection spectrophotometric determinations were based on the catalytic effect of sulfate on the reaction between zirconyl ions and methylthymol blue (5) .
Nevertheless, turbidimetric-flow methodologies, with barium chloride as the precipitation agent, have been used the most. Krug et al. (6) first proposed this method, and several researchers have since improved it, obtaining better precision and sensitivity, faster analyses, and a lower detection limit (7) (8) (9) . A turbidimetric method using PbSO 4 in ethanol-water was also proposed (10) . In all of these methods, polyvinyl alcohol (PVA) was used as a protector to stabilize the BaSO 4 suspension by preventing the settling of the precipitate, thereby improving the repeatability of the analysis. Additionally, pH was controlled because it affected both the sensitivity and repeatability of the determination (7, 8, 10) .
Some researchers also reported the addition of supplementary sulfate to increase sensitivity, extend the range of the method to low concentrations, and improve linearity (8, (10) (11) (12) . This paper describes a turbidimetric flow-injection system for the determination of sulfate in natural waters and industrial effluents; no previous sample treatment is needed. The use of an injector-commutator device, with an appropriate manifold configuration, permitted the addition of BaCl 2 -PVA reagent by the merging-zones principle and the washing of the system with an ethylenediaminetetraacetic acid (EDTA) solution without the need for an additional channel. This approach minimized reagent consumption and maximized the sampling rate. To allow the application of this technique to different types of waters and to prevent the interference of some anionic species, we adjusted the acidity in-line, immediately before injection. This in-line stream also contained a background level of sulfate to improve the detection limit.
Experimental

Reagents and Solutions
All solutions were prepared with analytical reagent grade chemicals and deionized water. A standard stock solution of sulfate (1000 mg SO 4 2− /L) was prepared by dissolving K 2 SO 4 in deionized water. Working standard solutions were prepared in the range 10-120 mg SO 4 2− /L by diluting the stock solution. A 0.10% (w/v) PVA solution was prepared by suspending 0.5 g solid in ca 200 mL boiling water with continuous stirring. After cooling, the volume was brought to 500 mL with deionized water. A 7% (w/v) BaCl 2 solution (R 2 , Figure 1 ) was obtained by dissolving the solid (BaCl 2 ⋅2H 2 O) in the 0.10% PVA solution. A buffer solution (R 3 , Figure 1 ) containing 40 g EDTA, 7 g ammonium chloride, and 57 mL concentrated ammonia was obtained by dissolving the different chemicals in 600 mL deionized water and diluting to 1 L. The 100 ppm SO 4 2− solution (R 1 , Figure 1 ) was prepared by diluting the stock solution with 0.07M HNO 3 .
Apparatus
For the flow-injection system, a Philips (Cambridge, UK) PU 8625 UV/VIS spectrophotometer with a Helma (Müllheim/Baden, Germany) 178.710-QS flow cell (10 mm light path, 80 µL inner volume) and connected to a Metrohm (Herisau, Switzerland) E 586 Labograph recorder was used. The flow-injection manifold included Gilson Minipulse 2 (Villiers-le-Bel, France) peristaltic pumps with polyvinyl chloride pumping tubes, a laboratory-made injector-commutator (13) with 3 injection loops, 2 Y-shaped confluences, and Omnifit (Cambridge, UK) polytetrafluoroethylene tubing of 0.8 mm id were used.
Flow-Injection Procedure
The use of an injector-commutator with 3 injection loops decreased analysis time and reagent consumption because the methodology was performed in 2 steps: (1) filling cycle for the sample and reagent loops/system washing cycle; and (2) analytical cycle/filling cycle for the EDTA loop. The flow-injection manifold used for the turbidimetric determinations of SO 4 2− is depicted in Figure 1 .
In the diagram shown in Figure 1 , the sample solution (S) was pumped into the system and merged in a confluence with a solution of 100 mg SO 4 2− /L in 0.07M HNO 3 ; the resulting solution then entered the sample injection loop (V 2 ). Meanwhile, BaCl 2 solution (R 2 ) filled the reagent loop (V 1 ), and the buffer solution (V 3 , injection loop) was injected to wash the L 2 reactor (L 1 and L 2 reactors were coiled to promote a higher radial diffusion level) and flow cell.
The commutator position was switched, and the sample (V 2 ) and the reagent (V 1 ) were simultaneously injected into the water carrier streams (R 5 and R 4 , respectively) and merged in confluence b. The precipitation reaction (formation of BaSO 4 ) took place inside the L 2 reactor, yielding a change in turbidity (measured at 420 nm). With the commutator still in this position, the buffer solution (R 3 ) filled the V 3 injection loop. The commutator position was switched again, and the solution was injected into a water carrier stream (R 4 ) to remove any residual precipitate.
Samples, with no previous treatment, were aspirated into the system and injected in triplicate.
Reference Method
To assess the quality of the results of the flow-injection analyses, they were compared with those obtained by the AOAC recommended reference method (14) . In the reference method, sulfate was also determined turbidimetrically by precipitation with barium chloride (with controlled acidity and stirring). Turbidity was measured at 420 nm, and the SO 4 2− con- centration was determined by comparison with a standard curve (0-40 mg SO 4 2− /L).
Results and Discussion
Optimization of Flow Injection and Chemical Variables
This paper presents a flow-injection turbidimetric procedure for the determination of sulfate in natural and residual waters, with no previous treatment.
To develop this procedure, we tested several experimental conditions (i.e., concentrations of BaCl 2 and PVA, additional sulfate, in-line pH adjustment, reagent and sample injection volumes, flow rates, and reaction coil lengths).
The PVA concentration of the BaCl 2 solution was determined by testing several 5% (w/v) BaCl 2 solutions with different PVA concentrations: 0.05, 0.10, 0.20, and 0.50% (w/v). No differences were found regarding precision and sampling rate. The 0.10% (w/v) PVA concentration was chosen because sensitivity increased about 8% from 0.05 to 0.10% but showed no regular trend above this level.
Barium chloride concentrations between 2.5 and 20.0% (in 0.10% PVA) were tested. Although sensitivity increased slightly with reagent concentration, a marked increase (between 6 and 17%) in time of return to baseline was observed. A 7.0% (w/v) BaCl 2 solution was then chosen as a compromise based on reagent consumption, sampling rate, and sensitivity.
As previously pointed out, in-line addition of sulfate (8, (10) (11) (12) ) is known to improve the detection limit and increase both the linearity and the sensitivity of the analysis. In this work, 2 different means of sulfate addition were tested: (1) including potassium sulfate at 0-60 mg/L in the sample carrier stream, and (2) mixing a supplementary solution (20-140 mg SO 4 2− /L) with the sample before it enters the injection loop. A comparison of both approaches showed that the range of linearity decreased from 0-120 to 20-120 mg/L and that sensitivity decreased by >50% when sulfate was added to the sample carrier stream. The mixing of an auxiliary stream of 100 mg SO 4 2− /L (R 1 , Figure 1 ) with the sample before injection was selected because lower concentrations did not improve linearity and higher concentrations had no significant effect on sensitivity.
Turbidimetric procedures for determination of sulfate are known to be sensitive to changes in pH (7, 8, 11, 12) . In fact, matrix acidity affects the reaction kinetics, the extent of interference from some cationic and anionic species, and the structure and solubility of the BaSO 4 precipitate formed. It was clear that to obtain results of good quality, high precision, and proper sensitivity, the acid content of the sample-barium chloride plug needed to be adjusted. This adjustment was attempted by adding 0.07M nitric acid to either the auxiliary stream of sulfate (R 1 , Figure 1 ) or the BaCl 2 solution (R 2 , Figure 1) . This concentration was chosen because the final concentration of acid in the reference method was 0.035M. The first option was preferred because better precision was obtained. With this flow configuration (i.e., nitric acid in the auxiliary stream of sulfate), several acid concentrations were tested: 0.035, 0.07, 0.10, 0.14, and 0.18M. At the lowest concentration tested, the results obtained by the flow-injection method and those obtained by the reference method did not agree; at the higher concentrations no differences between results were found. Thus, 0.07M HNO 3 was chosen.
All sulfate turbidimetric-flow systems previously described used continuous in-line addition of all reagent solutions (i.e., barium chloride, nitric acid, and sulfate). In this work, a merging-zones approach was used to obtain greater simplicity, lower reagent consumption, and a higher sampling rate. For the same flow rates, equal sample injection and reagent loops (V 2 and V 1 , respectively) were tested. Injection volumes between 100 and 275 µL were used. As expected, injected volumes had a marked influence on the analytical signals, with larger volumes giving rise to higher turbidity values. An injection volume of 225 µL was selected as a compromise based on sensitivity, precision, and sampling frequency. Larger injection volumes gave rise to increased signals but led to a decrease in sampling rate, whereas smaller injection volumes provided unsuitable sensitivity. While equal flow rates were maintained, different sample and reagent volumes together with different L 3 and L 4 tube lengths were tested, to determine if sensitivity could be increased under these experimental conditions. With the sample injection volume set at 100 µL, the L 4 tube length at 20 cm, and the L 3 tube length at 25 or 30 cm, larger reagent injection volumes (125, 150, and 175 µL) were tested. No significant changes were observed. Therefore, equal 225 µL injection volumes were chosen. Except for the method proposed by Krug et al. (6), an alkaline EDTA solution was used in all turbidimetric systems reported for sulfate determination (7, 8, 11, 12) . In these methods, the gradual accumulation of barium sulfate precipitate in the flow manifold leads to low precision, baseline drifting, and ultimately system blockage. This accumulation is a problem unless the residual precipitate is periodically redissolved with an alkaline EDTA solution and the system is kept clean. As previously described, in this procedure a buffer solution (R 3 ) containing EDTA filled a V 3 injection loop (Figure 1 ), set at 160 µL, while sample and reagent solution were introduced into the system. By switching the commutator position, the solution was injected into a water carrier stream (R 4 ) to remove any residual precipitate.
Various lengths of the mixing coils (L 1 and L 2 ) were tested: 20, 55, and 78 cm for L 1 (which was to provide efficient mixing of sample and R 1 reagent); and 75, 100, 125, 150, and 175 cm for L 2 (reaction coil within which barium sulfate precipitation occurs). All lengths tested for L 1 allowed proper mixing of the solutions. Because the length of this coil had no influence on the sampling rate of the analysis, the 55 cm coil was chosen as a precaution against any eventual change in the flow rates. The use of an L 2 reaction coil with a length of >100 cm led to a pronounced decrease in sensitivity (a mean decrease of 6% with each length tested) caused by the increase in sample dispersion. For the 75 and 100 cm coils, no difference in sensitivity was found. The L 2 reaction coil was set to 100 cm to allow further mixing between sample and reagent plugs.
The effect of the flow rates of the sample and reagent carriers (R 4 and R 5 ) was studied for the range 1.5-4.6 mL/min. Although increasing the flow rates led to higher sampling rates, a significant decrease in precision was observed. A flow rate of 2.8 mL/min was chosen as a compromise based on both parameters.
The flow rates of the sample and auxiliary sulfate streams (S and R 1 , respectively) were tested under several conditions. Initially the sample flow rate was set at 1.8 mL/min, and R 1 flow rates of 0.4, 0.9, 1.3, and 1.8 mL/min were tested. A flow ratio of 1:1 was chosen because it enabled the extension of the linear calibration range to lower sulfate levels.
Finally, potential interferences from species usually found in waters that might lead to precipitation reactions or change the acidity of the medium (8) were studied. Several standard solutions containing sulfate at 20 mg/L and the interferent species at either 500 or 1000 mg/L were prepared (Table 1) . Except for lead, which precipitates in the standard solution containing sulfate at 20 mg/L even before its insertion in the flow system, no differences were found between standard sulfate solutions with and without interferent.
Under these preset conditions, a linear calibration curve was obtained for 10-120 mg SO 4 2− /L. The detection limit, calculated according to recommendations of the International Union of Pure and Applied Chemistry (15), was 5 mg SO 4 2-/L. This concentration corresponds to 3 times the standard deviation obtained for 10 consecutive injections of deionized water.
The sample throughput was 40/h.
Application to Water Samples
Fifteen samples (natural and residual waters) were analyzed for sulfate content by the developed flow procedure and by the reference method. The sulfate concentrations of these samples were within the linear working range of flow-injection analysis (FIA) methodology. Therefore, no sample dilution was needed. Although some of the residual water samples were slightly colored, no interference was observed. A flow register of these determinations is shown in Figure 2 . The paired results, together with the relative deviations, are presented in Table 2 .
To evaluate the accuracy of flow methodology, a relationship of the type C f = CE + S C r (where C f are the flow-injection results, and C r are those provided by reference procedures) was established. The following results were obtained: C°= 1.2 (± 3.6), and S = 0.962 (± 0.056), with a correlation coefficient of 0.991. A good agreement between the 2 methodologies exists as shown by the slope and correlation coefficient, which are close to unity, and the intercept values, which are near zero. Furthermore, confidence limits of the slope and intercept at the 95% confidence level for 13 degrees of freedom (values shown above in parentheses after the respective values) indicate that there is no statistical difference between the 2 sets of results (16) .
Precision was assessed from 10 consecutive injections of 3 water samples with concentrations matching the analytical range. Relative standard deviations of 3.0, 1.4, and 1.6% were obtained for samples with sulfate concentrations of 31.7, 73.2, and 106.8 mg SO 4 2− /L, respectively.
Conclusions
A turbidimetric flow-injection system was developed for the determination of sulfate in water samples by using spectrophotometric detection. The developed flow methodology is a good alternative to the reference procedure because it allows in-line preparation of the samples (i.e., sample dilution and addition of buffer solution and precipitation reagent), with the corresponding increase in sampling rates and simplicity of analysis. The system is good for routine analysis because it requires little maintenance and uses the same detection system employed in the reference method. Compared with other flow procedures, this system shows some advantages. By using the merging-zones technique, reagent consumption is minimized and precipitate accumulation is decreased, because sulfate is added to the system only in the presence of the sample.
Merging an auxiliary stream containing sulfate at 100 mg/L and 0.07M nitric acid with the sample solution before injection enabled us to obtain a wider linear working range and to adjust the acidity of the samples.
In addition, it should be noted that this manifold configuration enabled switching between the analytical and washing cycles with optimization of analysis time. 
